AD-A1C1  £88 


UNCLASSIFIED 


NODIFICATIOMS  IN  HICROSTRUCTURE  DEFORMATION  AM  FATIBUE 
BEHAVIOR  BV  ION  I. .  <U>  VIRGINIA  UNIV  CHARLOTTESVILLE 
DEPT  OF  MATERIALS  SCIENCE  K  V  JATA  ET  AL.  OCT  83 
UVA/525386/HS86/181  N8BB14-83-K-826J  F/B  11/6 


Final  Report  for 
Grant  No.  N00014-83-K-0263 


MODIFICATIONS  IN  MICROSTRUCTURE,  DEFORMATION 
AND  FATIGUE  BEHAVIOR  BY  ION  IMPLANTATION 

Submitted  to: 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217-5000 

Attention:  Leader,  Materials  Division 
Associate  Director  for 
Engineering  Sciences 

Submitted  by: 

K.  V.  Jata 

Research  Assistant  Professor 
E.  A.  Starke,  Jr. 

Earnest  Oglesby  Professor  and  Dean 


lw**"*\ 


Report  No.  UVA/525386/MS86/101 
October  1985 


SCHOOL  OF  ENGINEERING  AND 
APPLIED  SCIENCE 


DEPARTMENT  OF  MATERIALS  SCIENCE 


UNIVERSITY  OF  VIRGINIA 


CHARLOTI£SVXL 

fhl*  document  ha*  been  cipp«OT*B 
{or  public  r*'*w»*  and  eato;  Ml 
distribution  U  uniiJnltud. 


E,  VIRGINIA  22901 

85  11  25  096 


Final  Report  on 
Grant  No.  N00014-83-K-0263 


MODIFICATIONS  IN  MICROSTRUCTURE,  DEFORMATION 
AND  FATIGUE  BEHAVIOR  BY  ION  IMPLANTATION 


Submitted  to: 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217-5000 

Attention:  Leader,  Materials  Division 
Associate  Director 
for  Engineering  Sciences 

Submitted  by: 

K.  V.  Jata 

Research  Assistant  Professor 
E.  A.  Starke,  Jr. 

Earnest  Oglesby  Professor  and  Dean 


Department  of  Materials  Science 
SCHOOL  OF  ENGINEERING  AND  APPLIED  SCIENCE 
UNIVERSITY  OF  VIRGINIA 
CHARLOTTESVILLE,  VIRGINIA 


Report  No.  UVA/525386/MS86/101  - Copy  No 

October  1985 


ThU  document  to*  oppcoriT 
fw  pub*.  -Tid  •ato;  ** 

dUtrtbu&ott 


Unclass i f ied 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  ftWiwi  Out  Entered) 


REPORT  DOCUMENTATION  PAGE 


.  report  number 

wmmM 

Mjj 

4 

0 

READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


PIENT  S  CATALOG  NUMBER 


4.  TITLE  (end  Subtitle) 

Modifications  in  Microstructure,  Deformation 
and  Fatigue  Behavior  by  Ion  Implantation 


7.  AUTMORft) 

K,  V.  Jata  and  E.  A.  Starke.  Jr. 


5.  TYPE  OF  REPORT  &  PERIOD  COVERED 

Final  Report 
_ 3/1/83  -  5/31/85 


6.  PERFORMING  ORG.  REPORT  NUMBER 

UVA/525386/MS 86/101 


8.  CONTRACT  OR  GRANT  NUMBERftJ 

N0001 A-83-K-0263 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  &  WORK  UNIT  NUMBERS 


12.  REPORT  DATE 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Department  of  Materials  Science 
University  of  Virginia 
Charlottesville,  VA  22901 


It.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Leader,  Materials  Division 

Office  of  Naval  Research  13.  number  of  pages 

800  N.  Quincy  St.,  Arlington,  VA  22217  15 


14.  MONITORING  AGENCY  NAME  a  AOORESSfi/  dlllerent  /mat  Controlling  Otllce)  15.  SECURITY  CLASS,  (ol  title  report) 

Unclass i f i ed 

IS«.  OECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


18.  DISTRIBUTION  STATEMENT  (ot  title  Report) 


Un 1 imi ted 


<l’tv.  I"--—*  n  is  boon  approved 
■\'r  !>'  r.d.-are.aiid  sale;  its 
>’j  i.  ib_t;cn  is  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ol  the  ebetrect  entered  In  Block  20,  II  dlllerent  trom  Report) 


19-  KEY  WORDS  (Continue  on  reveree  elde  it  neceeeery  mnd  Identity  by  block  number) 

ion  plating,  ion  i mp I  an ta t i on ,  fatigue 


*0.  ABSTRACT  (Continue  on  reveree  tide  It  neceeemry  and  Identify  6y  block  number) 

A  number  of  materials,  copper,  aluminum,  titanium  and  steel,  have  been  examined 
for  mi crostructural  evolution,  deformation  and  fatigue  behavior  in  the 
implanted,  asK- implanted  and  implanted  +  annealed  conditions.  A  wide  variety  of 
implant  species  that  produce  residual  compressive  stresses,  residual  tensile 
stresses  or  cause  precipitation  have  been  chosen  to  examine  the  above  effects. 
The  main  goal  has,  however,  been  to  choose  implant  species  that  would  enhance 
deformation  and  fatigue  resistance  through  a  modification  in  the  surface  micro- 
structure  and/or  by  providing  residual  compressive  s t resses .  ^.aCONT I NUED) 


DD  I  JAN  73  1473  edition  OF  I  NOV  «S  ,s  obsolete  Unclassified 


SECURITY  CLASSIFICATION  OF  Tmi*  P  •  O  tr  rw K-~ 


•*4  M.  *'«  ^  **  **  ’ 

*  -  *  -  A  ’  •*.*  A  %  A  "  A**.  *  •*  .  *  M  ‘  '  .   •  .  ,  .  - 


In  instances  where  no  major  changes  in  the  surface  microstructure  are  observed 
it  appears  that  surface  dislocation  sources  either  become  inoperative  or  become 
operative  on  a  larger  number  of  slip  planes,  limiting  the  size  of  the  slip 
steps  that  would  nucleate  fracture.  In  materials  where  major  changes  in  the 
microstructure  are  observed,  slip  is  dispersed,  also  resulting  in  fine  slip  that 
enhances  resistance.  — 


Accession  For 
NTIS  GRMI 
DTIC  TAB  □ 

Unannounced  □ 

Justification— - 

By - - 

Distribution/  __ 

Availed.  Ml tV  Ccdes_ 

;Av.'!  Si  and/ or 

Dlst  1  fpoclul 


OUALmr 

INSl’ECTEI 


1.  Introduction 

This  paper  will  review  work  on  surface  modification  of  materials  by  ion  plating  and 
ion  implantation  that  was  sponsored  by  the  Office  of  Naval  Research  under  the  Program 
Direction  of  Dr.  Phillip  Clarkin.  „  Ion  implantation  is  being  used  to  modify  surface- 
related  mechanical  properties  such  as  friction  and  wear,  fatigue,  corrosion  and  recently, 
near  surface  deformation  at  high  temperatures. (1-5).  The  major  thrust  has  been  in  fric¬ 
tion  and  wear,  since  small  doses  of  implantea  atoms  produce  large  effects.  Application 
to  fatigue  mainly  steins  from  the  fact  that  the  fatigue  cracks  normally  nucleate  at  the 
surface  of  a  structure  and  propagate  inward.  The  fatigue  process  may  be  divided  into 
two  stages,  which  are  crack  initiation  and  crack  propagation.  For  a  defect-free  metal,  the 
process  of  initiation  and  early  micro  crack  linkage  is  usually  associated  with  the  cyclic 
deformation  behavior  of  the  surface  layer.  This  process  is  found  to  occur  in  conjunction 
with  slip  band  formation  (6)  in  the  surface  region,  or  with  incompatibility  of  deforma¬ 
tion  between  two  neighboring  grains  on  the  surface  (7.8).  Any  surface  modification 
which  reduces  the  magnitude  or  increases  the  homogenity  and  reversibility  of  cyclic 
deformation  is  expected  to  improve  the  fatigue  crack  initiation  resistance.  Surface 
modification  of  materials  can  be  achieved  by  a  number  of  techniques  such  as  shot  peen- 
ing.  nitriding,  ion  plating,  ion  implantation  and  laser  glazing.  Of  these,  ion  implantation 
has  several  unique  advantages  that  the  other  techniques  do  not  offer.  It  has  the  advan¬ 
tage  of  introducing  almost  any  ion  substitutionally  and  interstially  into  the  target  sub¬ 
strate  without  affecting  the  desirable  bulk  properties.  There  are  no  dimensional  changes 
and  problems  such  as  delamination  of  the  layer  do  not  exist.  The  dose  of  ions  could  be 
introduced  in  a  well  controlled  manner  and  the  property  changes  can  therefore  be  easily 
reproduced.  Although  the  implanted  layer  is  usually  a  few  hundred  to  a  thousand 
angstroms  thick  substantial  changes  in  fatigue  properties  can  be  observed.  This  paper 
will  give  an  overview  of  the  various  effects  that  ion  implantation  can  have  on  micros¬ 
tructure.  deformation  behavior  and  fatigue  crack  initiation  resistance.  The  materials 
include  pure  Cu.  pure  Al.  two  titanium  alloys.  4140  steel  and  a  2124  A1  alloy. 

2.  Discussion  of  Results 

In  this  section  the  results  of  ion  implantation  effects  on  various  materials  are  dis¬ 
cussed.  We  start  with  pure  copper  as  this  formed  the  basis  of  further  work  on  complex 
alloys.  Next,  microstructural  evolution  in  pure  Al  is  discussed.  This  is  followed  by  the 
discussion  of  ion  implantation  effects  in  commercial  alloys. 

2.  A.  Ion  Plating  and  Implantation  Effects  in  Cu 

The  initial  work  carried  out  by  Chen  and  Starke  (9)  have  shown  that  ion  plating 
can  have  a  major  effect  on  the  fatigue  behavior  of  copper  single  and  poly  crystals. 
When  they  plated  silver  (low  Stacking  fault  energy.  SFE)  on  copper,  the  cyclic  deforma¬ 
tion  behavior  of  the  surface  changed  toward  that  of  silver.  Crack  initiation  was 
retarded  because  of  a  reduction  in  the  propensity  of  cross  slip  compared  with  the  copper 
substrate  and  subsequent  reduction  of  slip  band  formation.  Nickel  (high  SFE)  plating 
had  an  opposite  effect. 

Ion  implantation  studies  were  later  performed  on  polycrystalline  copper  (4.10)  to 
obtain  a  clear  understanding  of  the  mechanisms  involved  in  the  modification  of  fatigue 
properties-  The  purpose  of  the  work  was  to  study  the  change  in  monotonic  and  cyclic 
deformation  behavior  of  copper  with  three  different  species  -  aluminum,  boron  and 
chromium  -  and  to  correlate  measured  mechanical  properties  with  the  deformation 
behavior  of  as  modified  by  ion  implantation.  It  was  expected  that  all  three  elements 
will  introduce  a  similar  defect  structure  but  of  varying  degrees  of  intensity.  Also, 
boron  atoms,  because  of  their  small  size  with  respect  to  copper,  were  expected  to  intro¬ 
duce  tensile  residual  surface  stresses,  and  aluminum  atoms  because  of  their  larger  size 
were  expected  to  introduce  compressive  stresses.  X-ray  diffraction  results  ( 1 1 )  of  alumi¬ 
num  and  boron  implanted  copper  single  crystals  have  shown  this  to  be  the  case. 

Specimens  were  implanted  at  100  keV  with  either  aluminum,  boron  or  chromium 
ions  to  a  dose  of  5X1019  ions/m2.  To  insure  uniformity  of  implantation,  the  specimens 
were  rotated  in  the  beam  which  was  scanned  across  an  aperture  spanning  the  gage 
length.  Fatigue  tests  of  ion  implanted  and  non-implanted  samples  were  conducted  on  a 
servohydraulic  closed-loop  testing  machine  in  laboratory  air  at  298  K.  I.ow  cycle  fatigue 
measurements  were  made  using  constant  total  strain  control  with  a  saw-tooth  wave  form 
at  a  strain  rate  of  4XlO~J/s.  Stress  control,  high  cycle  fatigue  tests  were  made  using  a 
frequency  of  10  Hz. 
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The  monotonic  stress-strain  curves  of  the  various  materials  are  given  in  Figure  l(a). 
The  figure  shows  that  ion  implantation  reduces  the  flow  stress  at  low  strains.  The 
reduction  in  stress  is  largest  for  the  aluminum-implanted  sample.  The  monotonic  yield 
stress  and  degree  of  hardening  appear  to  be  reduced  due  to  ion  implantation,  with  alumi¬ 
num  implantation  having  a  somewhat  larger  effect.  The  cyclic  stress-strain  response  stu¬ 
dies  showed  all  materials  to  considerably  cyclic  harden  typical  of  annealed  coper.  An 
initial  rapid  hardening  is  followed  by  a  saturation  stage.  The  saturation  stress  versus 
applied  plastic  strain  amplitude  for  nonimplanted  and  implanted  metals  are  plotted  in 
Figure  1(b).  The  cyclic  flow  stress  appears  to  be  lowered  by  ion  implantation.  Alumi- 


Fig.  1(a).  The  effect  of  ion  implantation  on  Fig.  1(b).  The  effect  of  ion  implantation 

monotonic  stress-strain  curve  of  on  cyclic  stress-strain  relationship 

polycrystalline  copper.  of  polycrystalline  copper. 

num  implantation  again  shows  the  most  significant  effect.  The  cyclic  strain-life  response 
(LCF)  for  the  nonimplanted  and  implanted  polycrystalline  copper  are  presented  in  Figure 
2(a).  The  relationship  between  the  number  of  cycles  to  failure  and  the  plastic  strain 
amplitude  may  be  represented  by  a  power  function  proposed  by  Coffin  and  Manson, 
given  by  €pl  =  €f(2Nr)c.  where  Nr  is  the  number  of  cycles  to  failure.  ef  is  the  fatigue 
ductility  coefficient  and  c  is  the  fatigue  ductility  exponent.  This  relationship  appears  to 
hold  for  the  materials  tested  in  this  research.  The  results  indicate  that  ion  implantation 
improves  the  fatigue  ductility  behavior.  Aluminum  implantation  appears  to  have  the 
most  significant  effect. 

The  effect  of  ion  implantation  on  the  high  cycle  fatigue  life  is  shown  in  Figure 
2(b).  Aluminum  implantation  gives  rise  to  a  significant  improvement  in  fatigue  life, 
with  a  greater  improvement  at  lower  stresses.  Boron  implantation,  in  contrast,  shows  a 
reduction  in  resistance  to  cyclic  stress,  with  a  greater  reduction  in  life  at  lower  stresses. 

The  limited  data  on  chromium  implantation  appeared  to  indicate  that  it  improves  the 
cyclic  stress  resistance  almost  as  well  as  aluminum  implantation. 
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Fig.  2a.  The  effect  of  ion  implantation  on  cyclic  strain-life 
relationship  of  polycrystalline  copper. 
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Fig.  2(b).  The  effect  of  ion  implantation  on  cyclic  stress-life 
relationship  of  polycrvstalline  copper. 

The  surface  observations  of  the  strain  controlled  fatigued  samples  showed  the  pres¬ 
ence  of  persistent  slip  bands  (PSB)  and  associated  intrusions/extrusion.  However,  the 
propensity  of  PSB  formation  appeared  to  be  reduced  by  ion  implantation.  Aluminum 
implantation  had  the  most  significant  effect.  Most  of  the  microcracks  were  at  the  grain 
boundaries.  Some  cracks  associated  with  PSB  were  also  observed,  being  more  frequent 
for  the  non-implanted  samples  and  least  for  the  aluminum  implanted  samples. 
Implanted  samples  showed  a  lower  degree  of  surface  rumpling  and  fewer  surface  micro¬ 
cracks  compared  with  nonimplanted  samples  deformed  to  the  same  degree.  The  stress 
controlled  fatigue  samples  showed  cracking  10  be  more  prominent  with  PSB  than  that  of 
strain  controlled  fatigue  samples. 

The  TEM  results  and  the  X-ray  analysis  by  Spooner  and  co- workers  (11)  indicated 
that  aluminum  implantation  gives  rise  to  compressive  residual  surface  stresses,  a  large 
number  of  small  dislocation  loops,  and  arrays  of  dislocations.  Boron  implantation,  on 


the  other  hand,  produces  tensile  residual  stresses,  a  smaller  number  of  larger  loops,  and 
dislocation  arrays.  Since  the  size  of  the  chromium  atom  is  not  much  different  from  that 
of  copper,  it  may  be  assumed  that  chromium  implantation  does  not  produce  any 
significant  residual  surface  stresses.  If  the  increase  in  the  numbers  of  atoms  by  ion 
implantation  forces  implant  or  host  atoms  into  the  interstitial  sites,  creation  of  compres¬ 
sive  residual  stresses  will  be  expected.  However,  with  some  diffusion  (probably  enhanced 
by  radiation  damage)  these  form  an  extra  atom  layer  occupying  substitutional  sites  (such 
a  mechanism  is  reasonable  since  TEM  studies  showed  that  there  is  sufficient  diffusion  to 
create  dislocation  loops  from  the  initial  radiation  damage).  Therefore,  significant  compres¬ 
sive  stress  will  not  be  created  due  to  interstitials.  This  may  explain  why  boron 
implanted  copper  has  tensile  residual  stresses.  Perhaps  most  of  the  boron  atoms  are  in 
substitutional  sites,  and  since  they  are  considerably  smaller  than  the  copper  atoms,  tensile 
residual  stresses  are  created.  TEM  contrast  studies  of  some  of  the  loops  indicated  that 
most  are  the  result  of  a  collapse  of  clusters  of  vacancies  created  by  ion  bombardment. 
It  appears  that  since  heavier  (and  larger)  Cr  and  A1  atoms  have  a  more  efficient  transfer 
of  energy  than  B  atoms,  the  defect  structure  of  Cr  and  A1  implanted  surfaces  has 
greater  density.  Since  the  foils  used  for  TEM  observations  are  thicker  than  the  damaged 
layer  (which  decreases  with  atomic  number),  the  concentration  of  defects  is  actually  even 
higher  for  Cr  and  A1  implanted  samples  than  it  appears  in  their  micrographs.  In  addi¬ 
tion  to  the  defect  structure  and  residual  surface  stresses,  the  alloying  of  the  surface 
material  is  expected  to  lower  the  stacking  fault  energy  (SFE)  of  this  region.  It  is  likely 
that  precipitation  of  chromium  will  occur  in  the  chromium  implanted  samples  during 
fatigue  cycling.  The  effect  of  lowering  SFE  will  be  lost  at  that  stage,  and  the  presence 
of  chromium  precipitates  has  to  be  considered  instead. 

The  implantation  of  Al.  B  .  or  Cr  ions  lowers  the  yield  stress  and  the  degree  of 
monotonic  and  cyclic  hardening.  The  reduction  in  yield  stress  and  monotonic  hardening 
at  low  strains  is  perhaps  due  to  the  availability  of  free  dislocations  on  the  surface  which 
tends  to  promote  slip  at  lower  stresses.  Aluminum  implantation,  which  produces  a 
larger  degree  of  surface  defects,  consequently  shows  a  larger  reduction  of  monotonic  flow 
stress. 

The  reduction  of  cyclic  hardening  was  explained  in  terms  of  the  lowering  of  the 
SFE  and  the  presence  of  dislocation  loops  and  arrays  due  to  ion -implantation.  Lowering 
the  SFE  leads  to  a  reduction  in  the  tendency  for  cross  slip.  This  improves  the  reversi¬ 
bility  of  cyclic  deformation  and  reduces  cyclic  hardening.  Dislocation  loops  are  barriers 
to  slip  and  tend  to  homogenize  deformation  by  reducing  the  slip  distance.  Improved 
homogeneity  of  slip  due  to  implantation  aids  in  reducing  the  resistance  to  cyclic  defor¬ 
mation.  Aluminum  implanted  samples  have  a  higher  degree  of  surface  defects,  the 
greatest  reduction  in  hardening,  and  therefore  the  lower  cyclic  flow  stresses.  The 
chromium  implanted  samples  have  a  similar  defect  structure.  However,  it  appears  that 
Cr  precipitation  during  cycling  increases  cyclic  hardening  somewhat  by  tying  up  slip 
dislocations. 

Under  strain  controlled  fatigue  the  microcrack  formation  and  eventual  failure  of  the 
materials  follow  what  is  expected  from  the  foregoing  discussion  of  the  cyclic  hardening 
behavior.  The  effect  of  ion  implantation  is  to  improve  slip  reversibility  and  homo¬ 
geneity.  and  in  general  this  leads  to  improvement  in  the  low  cycle  fatigue  life,  regardless 
of  the  exact  mechanism  of  cracking.  The  difference  between  the  FC1  resistance  of  boron 
and  aluminum  implanted  samples  is  again  due  to  the  difference  in  defect  structure. 
Aluminum  implantation  produces  the  most  significant  effect  because  it  gives  rise  to  a 
more  intense  defect  structure.  Even  though  chromium  implantation  results  in  a  defect 
structure  similar  to  aluminum,  the  expected  intervention  of  chromium  precipitation 
decreases  the  resistance  to  FC1  under  what  is  expected  from  its  defect  structure. 

Under  stress  control  the  ion  implanted  samples  are  expected  to  show  improvement 
in  fatigue  life  due  to  better  slip  homogeneity  and  reversibility.  However,  other  parame¬ 
ters  must  be  considered.  Aluminum  implanted  samples  have  beneficial  compressive  sur¬ 
face  stress.  The  compressive  stress  tends  to  'educe  the  more  damaging  (i.e..  tensile) 
component  of  the  cyclic  stress  and  hence  improves  the  fatigue  life.  The  tensile  residual 
surface  stress  produced  by  boron  implantation  decreases  the  resistance  to  stress  cycling. 
The  beneficial  effects  of  surface  defects  due  to  implantation  are  overcompensated  by  the 
detrimental  effects  of  the  residual  tensile  surface  stresses. 
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ion  implantation  offers  the  possibility  of  obtaining  alloys  having:  (i)  a  highly  super¬ 
saturated  solid  solution  with  extended  solid  solubility  over  that  predicted  by  the  phase 
diagram;  (ii)  a  solid  solution  with  stable  and  metastable  phases:  and  (iii)  a  disordered  or 
amorphous  structure  in  metal-metal  or  metal-metalloid  systems.  In  many  instances, 
alloy  systems  produced  by  rapid  quenching  have  been  duplicated  by  ion  implantation 
(12.13)  and  parallels  have  been  drawn  between  the  two  techniques.  In  ion  implantation 
the  thermal  spike  concept  (14)  suggests  that  local  heating  of  the  target  could  take  place 
on  the  impingement  of  an  ion  with  energy  values  of  the  order  of  50-500keV.  The  tem¬ 
peratures  in  the  hot  zone  produced  by  the  thermal  spike  could  exceed  the  melting  point 
of  the  solid,  however  the  time  scale  of  the  thermal  spike  is  only  a  few  pico-seconds 
resulting  in  an  ultra  fast  quench  of  the  molten  zone.  Consequently  the  diffusion 
required  to  form  the  metastable  and  stable  phases  cannot  occur  during  the  thermal  spike. 
A  second  theory  suggests  that  some  precipitation  could  however,  occur  due  to  radiation 
enhanced  diffusion  (15)  which  depends  on  the  defect  production  rate  and  number  of 
dislocations  per  unit  area,  since  the  radiation  enhanced  diffusion  coefficient  is  many  orders 
of  magnitude  larger  than  the  thermal  diffusion  coefficient.  The  former  phenomenon 
where  a  supersaturated  solid  solution  exceeding  the  solubility  limits  of  the  solute  can  be 
obtained  at  room  temperature  is  similar  to  the  rapid  solidification  technique.  The  above 
concepts  have  been  used  in  aluminum  implanted  with  Fe  (16).  Iron  has  a  solubility 
limit  of  0.05  wt.  percent  and  a  diffusivity  of  only  4.1  X  10-13  m2/sec  and  in  normal 
wrought  alloys  is  present  as  large  inclusions  which  are  detrimental  to  fatigue  life.  So, 
by  adopting  ion  implantation  technique  it  should  be  possible  to  obtain  a  fine  dispersion 
of  Al(,  Fe  or  AI3  Fe  precipitates  which  would  homogenize  slip  and  thereby  improve 
fatigue  life. 

Discs  of  high  purity  A1  of  Marz  grade  quality  with  3xlO“3m  diameter  and 
2.54xl0~^m  thickness  were  prepared.  These  discs  were  then  thinned  in  a  methanol-nitric 
acid  electrolyte  and  subsequently  implanted  with  iron  on  one  face.  Two  energies  were 
used.  50  and  lOO*50keV  and  the  doses  were  5xl019  and  5X1020  ions/m2.  The  double 
dosage  100-‘-50keV.  implantation  was  performed  with  a  time  interval  of  one  hour 
between  the  100  and  50  keV  implantations.  The  temperature  rise  of  the  discs  during 
implantation  is  estimated  to  be  less  than  373k.  Electrothinning  was  then  completed  bv 
masking  the  implanted  face  with  a  lacquer.  The  thin  foils  were  subsequently  examined 
in  TEM. 


For  both  50  and  100  +  50  keV  dosages,  extensively  damaged  substructure  typical  of 
ion  implanted  materials  was  observed.  In  Figure  3(a)  a  bright  field  transmission  electron 


Fig.  3.  TEM's  of  50  keV  as -implanted  showing  modulations  in  <111>  direction 
and  damage  (a).  SAD  of  modulations  showing  satellites  (b). 
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micrograph  for  a  50  keV  A1  implanted  foil  is  shown.  The  left  part  of  the  micrograph 
shoves  the  implantation  damage  and  the  right  part  shows  a  typical  modulated  structure 
observed  in  these  foils.  The  composition  fluctuations  in  the  modulation  are  found  to  be 
in  <  1 1 1  >  direction  and  10  nm  apart.  The  corresponding  electron  diffraction  pattern. 
Figure  3(b)  of  the  modulated  structure  shows  satellite  spots  near  the  Bragg  reflections. 
These  satellite  spots  are  not  observed  due  to  the  presence  of  dislocation  defects  produced 
by  implantation.  It  was  difficult  to  observe  the  modulated  structure  under  two  beam 
conditions  since  this  structure  was  masked  by  the  implantation  damage  which  comes 
under  view  for  maximum  contrast  conditions.  Moire  fringes  were  also  observed  in  the 
areas  of  the  modulated  structure.  As  expected,  these  fringes  shifted  their  relative  posi¬ 
tion  with  respect  to  the  modulated  structure  as  the  specimen  was  tilted  in  the  stage 
around  the  axis  of  the  transmitted  electron  beam  path.  Thus,  it  was  clearly  possible  to 
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ure  4(a)  was  taken  using  the  conditions  when  the  fringes  and  the  damaged  structure 
were  completely  out  of  view.  A  further  confirmation  of  the  presence  of  the  modulated 
structure  was  obtained  from  the  100  +  50  keV  foil  which  was  given  an  annealing  treat¬ 
ment  at  793  K  for  15  minutes.  This  treatment  removed  the  extensive  damage  resulting 
from  the  double  dosage  ion  implantation.  The  micrographs  clearly  revealed  rod-like  pre¬ 
cipitates  and  many  areas  of  retained  modulated  structure.  The  50  keV  foils  were  also 
examined  after  an  annealing  treatment  of  30  minutes  at  793K..  Al3  Fe  precipitates  were 
observed  which  were  aligned  in  the  <  1 1 1  >  direction  with  respect  to  the  matrix.  These 
precipitates  are  shown  in  Figure  4(a).  A  higher  magnification  pair  of  bright  and  dark 
field  micrographs  are  shown  in  Figure  4(b)  and  (c).  The  growth  of  these  precipitates 
seems  to  bear  an  orientation  relationship  with  the  composition  fluctuations  found  along 
<  1 1 1  >  direction  in  Figure  3(a).  Figure  4(a)  might  also  imply  that  the  modulations  in 
regions  where  the  subgrain  boundaries  are  tilted  at  small  angles  prefer  the  same  orienta¬ 
te  n. 


2.  C.  Fatigue  Studies  of  Commercial  Allovs 

The  concepts  developed  for  pure  copper  were  latter  applied  to  commercial  alloys.  A 
binary  Ti-24V  (17)  alloy  implanted  with  A1  ions  at  100  keV  to  a  dose  of  5xl019  /m2 
showed  a  minor  improvement  in  the  fatigue  life  at  intermediate  plastic  strain  amplitudes 
(Figure  5).  An  examination  of  the  fatigue  hysteresis  loops  for  these  amplitudes  showed 
that  the  n  mber  of  cycles  to  reach  saturation  stress  increased  by  about  40  percent  with 
A1  implantation.  In  order  to  understand  the  beneficial  effect  of  ion  implantation  on  the 
fatigue  .behavior  additional  experiments  were  run.  where  bioden  replicas  were  extracted 
from  the  specimen  surface  at  different  intervals  of  cycles  during  the  course  of  the 
fatigue  experiment.  The  bioden  replicas  were  carbon  shadowed  at  an  angle  of  30  degrees 
to  the  stress  axis  and  were  observed  under  an  optical  microscope.  A  pair  of  micrographs 
illustrating  the  difference  in  the  slip  activity  on  the  surface  at  a  plastic  strain  amplitude 
of  8X10"^  and  at  150  cycles  is  shown  in  Figure  6.  It  is  clear  that  the  non-implanted 
specimen  exhibits  a  number  of  parallel  slip  lines,  suggesting  major  activity  in  only  one 
slip  system.  With  continued  cycling,  slip  is  concentrated  along  these  lines,  eventually 
leading  to  slip  band  cracking.  In  Figure  6(b)  it  can  be  clearly  seen  that  A1  implantation 
homogenizes  slip.  The  slip  is  accommodated  in  more  than  or.e  slip  system  and  thus  the 
slip  lines  remain  fine  with  continued  cycling.  Cracks  were  initiated  only  at  grain  boun¬ 
daries  where  the  slip  lines  impinge.  No  cracks  were  observed  at  slip  line  intersections. 
It  is  however  surprising,  that  in  spite  of  a  major  change  in  the  mode  of  cyclic  slip 
behavior  the  fatigue  life  changed  so  little. 

In  stress  controlled  experiments  the  beneficial  effect  of  ion  implantation  is  observed 
at  all  stress  levels  employed  for  testing,  Figure  7.  In  these  tests  the  tensile  component 
of  the  stress  amplitude  ranged  between  0.6  and  0.85  of  the  monotonic  yield  stress.  At 


Fig.  5.  Coffin-Manson  plot  showing 
the  plastic  strain  amplitude  versus 
number  of  cycles  to  failure 
for  the  Ti-24V  A1  alloy. 
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Fig.  6.  Replica  micrographs  showing  fatigue  crack  initiation  in  the 
non-implanted  specimen  (a),  and  A1  implanted  specimen  (b).  at  150  cycles 
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a  stress  amplitude  of  100  MPa.  the  increase  in  life  for  the  implanted  samples  is  almost 
two  orders  at  magnitude.  Similar  increases  in  fatigue  life  with  ion  implantation  have 
been  associated  with  compressive  residual  stresses  as  discussed  before  for  the  case  of  Cu. 
The  residual  stresses  are  significant  since  the  range  of  stress  amplitudes  employed  for  the 
present  studv  are  well  below  the  elastic  limit  of  the  material.  The  lattice  parameter  of 
Ti-24V  is  about  322  ±  .00 1  nm  and  tile  Goldschmidt's  radii  of  Al.  Ti  and  V  are  .113. 

1  l1  and  136  nm.  respectively.  Misfit  strains  due  to  the  implantation  of  aluminum 
were  calculated  and  found  to  be  t-  1.73".  This  should  result  in  a  compressive  residual 
stress  which  enhances  the  fatigue  life  in  stress  controlled  conditions. 
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Fig.  7.  Stress  amplitude  vs.  Cycles  to  failure. 


In  contrast  to  the  above  materials.  a//3  Ti  implanted  with  Al  and  4140  steel  with 
\  (18)  showed  a  decrease  in  life  time  in  strain  controlled  tests.  The  mechanisms  in 
a//3Ti  were  discerned  by  replica  study  and  SEM  examination  of  the  surfaces  of  the  sam¬ 
ples  fatigued  to  different  number  of  cycles.  These  studies  showed  that  the  decrease  in 
life  time  was  due  to  an  increased  number  of  microcracks  in  the  implanted  case  as 


Fig.  8.  Cyclic  stress  amplitude  curves  for  4140  steel  showing 
the  increase  in  the  stress  amplitude  with  i\  implantation. 


observed  in  the  replicas  and  a  transition  from  wavy  to  planar  slip  as  observed  in  the 
SE\1.  It  was  observed  that  the  density  of  crack  initiation  sites  in  the  implanted  condi¬ 
tion  was  almost  two  times  more  than  that  in  the  non-implanted.  thus  easing  the  linkup 
of  microcracks.  Since  these  microcracks  are  formed  in  intense  planar  slip  bands,  the 
driving  force  for  the  linkup  would  be  much  more  due  to  an  additional  hydrostatic  stress 
component  that  results  in  a  decreased  fatigue  life.  In  the  case  of  4140  steel  the 
mechanisms  involved  in  the  decrease  of  fatigue  life  were  not  studied.  A  more  interesting 
finding  was  that  the  cyclic  stress  amplitude  increased  dramatically  by  12-15  percent  with 
nitrogen  implantation.  This  is  shown  in  Figure  8  for  two  different  strain  amplitudes. 
The  reason  for  this  is  the  formation  of  F'e4\  (yl)  precipitates  Figure  9.  which  hardens 
the  surface  layer  considerably.  This  hardening  increases  the  high  cycle  fatigue  life  and 
endurance  limit,  as  shown  in  Figure  10. 
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Fig.  9.  A  pair  of  bright  and  dark  field  TEM’s  showing  the  Fe4N  precipitates. 
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Fig.  10.  High-cycle  fatigue  curve  for  the  4140  steel  showing 
increased  fatigue  resistance  with  implantation. 


2.  D.  High  Temperature  Studies  of  Commercial  A1  Alloy  2124 

In  a  recent  investigation  (19)  we  have  examined  the  strain  response  at  high  tem¬ 
peratures.  under  a  constant  load  in  a  2124  A1  alloy  in  the  unimplanted,  as  implanted 
with  Fe  and  Ce  and  implanted  plus  annealed  conditions.  The  2124  alloy  was  chosen  in 
the  peakaged  condition  and  as  shown  in  Figure  11(a).  the  microstructure  consists  of 
S(AUCuMg)  precipitates  within  the  grains  and  some  grain  boundary  equilibrium  precipi¬ 
tates  with  the  same  composition  and  large  Mn  dispersoids.  Fe  and  Ce  were  implanted  at 
150  keV  to  achieve  a  similar  penetration  depth  which  was  0.1  p. m  and  the  resulting 
atomic  percent  concentrations  were  SFe  and  4Ce. 

Some  implanted  TEM  foils  were  mounted  in  the  hot  stage  of  the  electron  micro¬ 
scope  and  were  observed  for  microstructural  evolution  at  473  K.  In  the  as-implanted 
condition,  dislocation  loops  arising  from  the  collapse  of  point  defect  clustering  was 
observed.  There  was  some  evidence  of  microcrystallinity  as  inferred  from  the  rings  of 
the  diffraction  pattern.  With  annealing,  much  of  the  damage  was  removed  and  precipita¬ 
tion  started  to  occur  after  90  minutes  of  exposure  at  this  temperature.  Although  the 
initial  precipitates  were  round  and  55  nm  in  diameter,  subsequent  annealing  resulted  in 
an  additional  rod  shaped  precipitates  which  were  66  nm  long.  Both  these  precipitates 
did  not  coarsen  and  the  fine  dispersion  was  retained  at  least  for  four  hours  of  constant 
examination.  Both  Al3Fe  and  Al10  Fe2Ce  precipitates  were  observed  and  these  are  shown 
in  the  micrograph  of  Figure  11(b). 

The  retainment  of  the  strength  at  elevated  temperatures  in  aluminum  alloys  essen¬ 
tially  lies  in  its  ability  to  maintain  thermally  stable  microstructure.  In  this  context  the 
implant  species  used  in  the  present  work  provide  excellent  candidates  due  to  their 
extremely  small  diffusion  coefficients.  In  the  preliminary  experiments  of  creep,  tests  have 
been  conducted  in  air  to  observe  if  any  significant  changes  in  creep  strain  would  occur 
considering  that  the  volume  percent  of  the  implanted  material  is  only  one  hundredth  of 
the  total  volume  of  the  sample.  In  these  tests  a  single  sample  was  first  loaded  to  a 
stress  level  of  138  Mpa  and  the  temperature  was  rapidly  increased  to  the  desired  start¬ 
ing  temperature  of  505  K  by  an  induction  heater.  The  sample  was  allowed  to  creep  for 
a  period  of  three  and  one  half  hours  and  the  strain  was  monitored  with  a  high  tempera¬ 
ture  extensometer.  At  the  end  of  this  period  the  same  sample  was  used  for  the  next 
testing  temperature  of  533  K.  This  temperature  was  obtained  within  a  period  of  two  to 
three  minutes  and  the  strain  was  again  monitored  for  one  and  one-half  hours.  In  a 
similar  fashion  the  next  test  was  performed  at  573  K.  The  as-implanted  sample  failed 
at  the  beginning  of  the  third  segment  of  the  test  and  the  unimplanted  sample  failed 
rapidly  at  the  end  of  the  third  segment  of  the  test  indicating  that  the  sustenance  to 
creep  in  the  annealed  condition  was  far  superior  than  the  other  two  tested  conditions.  It 
was  also  evident  from  these  tests  that  the  creep  strain  rates  in  the  as-implanted  condi¬ 
tion  were  higher  than  the  rates  in  the  other  conditions.  The  response  of  creep  strain  in 
the  first  period  of  testing  is  shown  in  Figure  12.  The  analysis  of  the  data  of  minimum 
creep  strain  rates  at  the  end  of  each  testing  period  shows  that  the  rates  diverge  as  the 
test  temperature  is  increased.  The  present  observations  are  similar  to  the  results 
obtained  by  Hall  on  Mo  implanted  with  heavy  ions  of  Te,  In  and  Ge. 

The  severe  degradation  in  the  creep  resistance  and  early  failure  of  the  as-implanted 
specimen  suggests  that  some  drastic  alteration  in  the  microstructure  has  occurred  upon 
ion  implantation  with  Fe  and  Ce.  Considering  firstly,  that  the  heavy  Fe  and  Ce  ions 
were  used  at  150  keV  energy,  which  would  produce  a  large  flux  of  vacancies,  and 
secondly  that  the  grain  size  of  the  alloy  in  the  long  and  long-transverse  direction  is 
greater  100  pm,  leads  us  to  believe  that  the  vacancies  have  migrated  large  distances 
beneath  the  surface  and  coalesced  as  voids  at  the  grain  boundaries.  If  this  possibility 
exists,  then  further  application  of  stress  at  high  temperatures  might  have  caused  grain 
boundary  failure  either  by  boundary  migration  or  void  coalescence.  This  reasoning 
would  also  imply  that  the  void  growth  and  coalescence  or  boundary  migration  which  led 
to  premature  failure  took  place  at  a  much  faster  rate  than  the  precipitate  nucleation  and 
growth  during  creep  testing  under  the  application  of  stress. 

In  the  specimens  which  were  annealed  at  463K  for  10  hours  prior  to  creep  testing 
exhibited  stable  AljFe  and  Al10Fe2Ce  microstructure.  These  would  impart  both  particle 
and  subgrain  boundary  strengthening  to  the  alloy  by  blocking  dislocation  movement,  and 
pinning  the  subgrains.  Whether  the  annealing  treatment  e'  minated  the  voids  -  which 
could  have  been  formed  as  discussed  above  -  is  difficult  to  predict.  The  great  improve¬ 
ment  in  the  creep  resistance  and  high  failure  strains,  upon  implantation  plus  annealing 
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Fig.  11(a).  .Vlicrostructure  of  the  2124  A1  alloy,  (b)  Al3Fe  and 
AljoFejCe  precipitation  in  the  implanted  plus  annealed  alloy. 


certainly  suggests  that  the  attained  precipitate  structure  plays  a  major  role.  Further 
investigations  are  currently  being  conducted  to  confirm  and  understand  the  above  pro¬ 
posed  mechanisms. 


TIME.  HOURS 

Fig.  12.  Creep  strain  versus  time  in  the  2124  alloy  at  13SMPa 

and  T=5()5K. 


3.  Conclusions 

Ion  implantation  can  have  a  major  effect  on  the  cyclic  deformation  and  fatigue  life. 
When  the  deformation  changes  to  a  more  homogeneous  nature,  reversibility  of  slip  could 
increase  which  enhances  low  cycle  fatigue  life.  It  is  also  found  that  in  such  a  situation 
the  resulting  cyclic  flow  stresses  are  lower  in  the  implanted  as  compared  to  non- 
implanted.  In  complex  alloys  such  as  steel,  nitrogen  implantation  hardens  the  surface 
considerably  through  dislocation-particle  interactions  which  does  not  increase  the  low 
cycle  fatigue  life.  In  high  cycle  fatigue,  compressive  residual  stresses  are  beneficial. 
Tensile  residual  stresses  decrease  fatigue  life.  In  steel  high  cycle  fatigue  life  improves 
due  to  a  hardened  surface  layer  by  dislocation-particle  interactions.  Generally,  ion 
implantation  produces  a  supersaturated  solid  solution  unless  precipitation  took  place  by 
radiation  enhanced  diffusion.  However  precipitation  could  be  controlled  by  proper  ther¬ 
mal  annealing  treatments  after  implantation  has  been  performed.  This  could  be  exploited 
to  obtain  desirable  fatigue  and  high  temperature  deformation  properties,  particularly  in 
A1  alloys. 
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